Abstract-We present recent advances in metasurface-based photonics, which enables the realization of high performance planar lenses (metalenses) in the visible spectrum. They are enabled by a technique based on atomic layer deposition of titanium dioxide allowing for the fabrication of nanostructures with high fidelity. First, we demonstrate highly efficient metalenses with numerical aperture NA = 0.8 using the Pancharatnam-Berry phase approach. These metalenses can focus light into a diffraction-limited spot. They have efficiencies as high as 86% and provide high imaging resolution. Furthermore, by judicious design of the phase-shifting elements, we achieve a multispectral chiral metalens realized with a single metasurface layer. This chiral metalens can resolve both the chiral and spectral information of an object without the requirement of any additional optical components. Finally, we discuss the experimental realization of polarization-insensitive metalenses with NAs as high as 0.85. They are able to focus incident light to a spot as small as ∼0.64λ with efficiencies up to 60%. Due to its straightforward and CMOS-compatible fabrication, this platform is promising for a wide range of applications ranging from camera modules, displays, laser-based imaging, microscopy, and spectroscopy to laser fabrication and lithography.
I. INTRODUCTION
C ONTROL over the amplitude, direction, and polarization of light is the basic principle behind optical design. Traditionally this has been achieved via shaping bulk materials into specific geometries (e.g. lenses, prisms based on refractive optics) and utilizing their intrinsic material properties (e.g. polarizers, waveplates). However, this approach requires relatively long propagation lengths (on the order of many wavelengths) to mold the wavefront, resulting in bulky components. This prohibits the miniaturization of optical systems where several such components generally need to be cascaded to achieve a desired functionality. As a result, there has been a continuous effort to reduce the optical path and ultimately achieve ultra-thin components. Diffractive optics has been a pioneering approach toward this goal with the development of gratings [1] - [8] and lenses [6] , [7] , [9] -11]. The advent of metamaterials [12] - [27] has added another dimension to wavefront control by introducing the meta-atom concept. In contrast to natural materials, the optical properties of metamaterials are determined by the geometrical structure of the meta-atom rather than the materials used. This breaks away from the constraints imposed by naturally available materials. The judicious assembly of these meta-atoms not only controls the wavefront of light but also achieves optical properties not possible with conventional approaches (e.g. diffractive optics). These include cloaking [28] - [32] , negative refraction [13] - [16] , [19] and super/hyper lensing [33] - [38] . Subsequently, their two-dimensional counterparts-metasurfaces [38] - [45] , have attracted significant attention mainly due to their relative ease of fabrication and further reduction in spatial footprint. The building block of metasurfaces are subwavelength-structures (SWS) patterned on an interface. By appropriately adjusting their size, orientation, geometry and arrangement, one can control/change the fundamental properties of incident light and thus modify the wavefront to desired specifications. Due to the numerous degrees of freedom in design for SWS, it is also possible to achieve multifunctional devices with a single metasurface, for example using transformation optics [46] . Many different optical components such as planar lenses [36] , [47] - [67] , waveplates [68] - [73] , mirrors [74] - [76] , beam deflectors and gratings [77] - [85] , holograms [86] - [96] , and polarization sensitive [56] , [65] , [73] , [97] - [111] devices have been demonstrated using this concept. In this paper, we concentrate on metalenses due to their widespread applications in various optical systems including imaging, spectroscopy, laser fabrication, as well as the general lack of compelling experimental results that explicitly demonstrate these metalenses Extracted real (n) and imaginary (K) parts of the refractive index of TiO 2 from ellipsometry measurements on a thin film layer of TiO 2 deposited on a silicon substrate [112] .
can actually possess capabilities on-par with their traditional counterparts.
This paper is organized as follows. In Section II, we discuss the fabrication approach for building a metasurface platform that operates efficiently at visible wavelengths. In Section III, we report on metalenses designed using the PancharatnamBerry (geometric) phase. We present their diffraction-limited focusing and high resolution imaging capabilities. Section IV illustrates how one can utilize the circular polarization sensitivity (arising from the geometric phase) of these metalenses to realize chiral metalenses. Finally, in Section V, we demonstrate polarization insensitive metalenses with high efficiency and numerical apertures. II. METASURFACE PLATFORM FOR VISIBLE SPECTRUM As with any other optical component, the efficiency of a metasurface is one of the key factors that underlie its usefulness for practical applications. Highly efficient silicon-based [45] , [50] , [54] , [58] , [59] , [61] , [63] , [77] , [93] , [97] - [101] , [108] , [113] - [115] and plasmonic [23] , [73] , [78] , [81] , [92] metasurfaces have been demonstrated mostly in the infrared range, using well-established silicon and plasmonic nano-antenna fabrication technology. The mature fabrication technology of silicon enables high aspect-ratio SWS with precise control over the shape and sidewall-profile as well as with negligible surface roughness, all of which are necessary to accurately control the wavefront of incident light. On the other hand, plasmonic nano-antennas, due to their strong interactions with light, only require subwavelength thicknesses which greatly simplifies their fabrication process. Typically, a straightforward lift-off process, without a dry-etching step is adequate. However, neither of these metasurface approaches can be adapted for efficient operation in the visible spectrum because of intrinsic absorption loss of the materials used: silicon, gold and silver (or other noble metals). Although lossless dielectrics in the visible spectrum such as titanium dioxide [6] , [7] , quartz [116] and silicon nitride [117] are viable alternatives to overcome this problem, due to the subwavelength and high aspect-ratio requirements of dielectric SWS, the fabrication becomes very challenging. Any deviation in the shape and geometry of these building blocks introduces unwanted phase and amplitude modulation, which in turn degrades the performance of the metasurface. This has been observed in the recent work of Zhan et al. [117] . Despite using lossless SiN in the visible range, the efficiency of the metalens with NA = 0.75 was ∼10%, with a measured focal spot size much larger than an ideal diffraction-limited lens [117] . In particular, one major issue associated with the dry-etching of these dielectrics is the inevitable tapering of the sidewalls. This is a long-standing challenge and has been observed in numerous earlier works, such as Lalanne et al. [6] , [7] where titanium dioxide (TiO 2 ) was etched to realize diffractive elements. Although a highly efficient blazed grating and lens [6] , [7] (NA = 0.25) were achieved at the wavelengths of 633 and 860 nm, respectively, a crucial point to note is that for shorter wavelengths in the visible range (e.g. 400-500 nm) the fabrication constraints become more demanding since required nanostructure sizes scale down with the wavelength. We have recently developed a fabrication method [112] that specifically avoids dry-etching in order to define the geometry of these SWS. Instead, as shown in Fig. 1 , we use a process similar to lift-off in which the geometry of the SWS is determined by the electron beam lithography (EBL) resist. After EBL and development, TiO 2 is deposited by atomic later deposition (ALD) [112] , [118] . Due to the conformal coating of ALD, the deposited film completely fills the gap defined To capture the image, we placed a translucent screen at the location of the IP. The projected image was captured by a Canon digital single-lens reflex (DSLR) camera. (e)-(g) Images of a Siemens star formed by the metalens under illumination wavelengths of (e) 480 nm, (f) 540 nm, and (g) 620 nm. Scale bar: 10 μm. To capture this image, we placed a color camera at the IP. For all imaging experiments here, the metalens used was designed for λ d = 532 nm, with diameter of 2 mm, and focal length f = 725 μm [62] .
by the resist. Note that one only needs to deposit TiO 2 as thick as half of the maximum width (w/2) of the SWS in order to achieve a given height H, which is determined by the thickness of resist. This is an essential time-saving step and makes this fabrication process practical and scalable. Moreover, the benefits of using TiO 2 are two-fold: it possesses negligible optical absorption in the visible spectrum and a relatively large refractive index (see Fig. 2 ). The latter ensures strong optical confinement to provide the required phase coverage and increase packing density for high focusing efficiency; the former is necessary to minimize optical losses.
III. METALENSES BASED ON GEOMETRIC PHASE

A. Design Principle
In order to realize a high performance transmissive metalens [see Fig. 3(a) ], each SWS should impart the required phase
focal length) at a given coordinate (x, y) with maximum transmission efficiency [62] . In this section, we consider a TiO 2 nanofin as the SWS [see Fig. 3(b) ]. Under circularly polarized (CP) incident light, the required phase is realized by using the geometric phase approach [58] , [86] , [92] . The nanofin is designed as a half-wave plate utilizing structural birefringence (the effective index is different for two orthogonal linear polarizations: along the nanofin width and length [see shows that a conversion efficiency as high as 95% can be achieved and the peak is tunable across the visible spectrum by appropriately adjusting the building block parameters.
B. Characterization and Imaging
We designed and fabricated three metalenses at wavelengths of 405, 532 and 660 nm. All metalenses have a diameter of 240 μm and focal length of 90 μm, yielding a NA = 0.8. The performances of these metalenses were characterized using a custom-built microscope. A schematic of the measurement setup is shown in Fig. 4(a) , which consists of a fiber-coupled laser source connected to a reflective collimator. The collimated beam is then passed through a linear polarizer and quarter-waveplate to generate CP light. An objective (Olympus, 100×, NA = 0.9) is paired with a tube lens (f = 180 mm) to capture the light after interaction with the metalens and to form an image on a CMOS camera (Edmund EO-5012). To characterize the focal spots of the metalenses, we used laser sources with linewidths less than 100 MHz (Ondax Inc.). For efficiency measurements, a tunable laser (SuperK, NTK Photonics) was used and the CMOS camera was replaced by a photodetector (Thorlabs S120C). The efficiency is defined as the ratio of the optical power of the focused beam to the optical power of the incident beam.
The latter was measured as the optical power passing through a circular aperture (aluminum on glass) with the same diameter as the metalenses. The focal spots are measured and shown in Fig. 4 (b)-(d). Highly symmetric focal spots were achieved for all three metalenses. This is more clearly evidenced by the intensity cuts along the focal spots, as shown in Fig. 4 (e)-(g). Most importantly, the obtained focal spot sizes are close to the ideal diffraction-limited values. This is an essential factor for many applications beyond microscopy such as laser fabrication/lithography and machine vision where the focal spot size defines the achievable resolution. It also sets the limit for the maximum imaging resolution when these metalenses are used for imaging purposes. Full-width at half-maxima (FWHM) of 450, 375, and 280 nm, with corresponding focusing efficiencies of 66%, 73% and 86% were measured for these metalenses at their design wavelengths of 660, 532 and 405 nm, respectively.
To test their use in monochromatic imaging, we fabricated a new metalens designed at the wavelength λ d = 532 nm with a diameter of 2 mm and focal length of 725 μm. Fig. 5(a) shows the schematic of the imaging set-up, which is modified compared to the one shown in Fig. 4(a) . Here, a Mitutoyo objective (10×) is placed after the LP, QWP and diffuser; it was used to provide intensified illumination on the object. The diffuser is used to reduce laser speckles. The metalens is paired with a tube lens (f = 100 mm) to form an image of the test object (1951 United States Air Force (USAF) resolution test) on a translucent screen. Finally, the image was captured with a Canon digital single-lens reflex (DSLR) camera. We used the translucent screen with the DSLR camera since the size of the image was bigger than the CMOS camera chip. Fig. 5(b)-(d) shows the images at illumination wavelengths of 480, 550 and 620 nm. All features including the smallest bars (width of 2.2 μm with center-to-center distance of 4.4 μm) are well resolved. We repeated this imaging experiment with a different object (Siemens star). Here the minimum center-to-center distance between two neighboring bars at the center is ∼1.7 μm and is well resolved across the visible wavelengths [see Fig. 5 (e)-(g)]. For this experiment, we placed a color camera on the image plane (IP) to capture the image. Because the focal length of the metalens varies with wavelength, for each illumination wavelength, the distance between the object and the metalens is adjusted to bring the object to focus. In other words, the focal length decreases as wavelength increases, resulting in larger magnification for λ = 620 nm (167×) than for λ = 480 nm (124×).
IV. CHIRAL METALENS
Chirality is a fascinating part of the natural world and has been widely observed from the microscopic (e.g. amino acids) to the macroscopic scale (e.g. certain species of snails and beetles [119] , [120] ). The vast majority of biochemical compounds ranging from sweeteners to pharmaceutical drugs possess chirality. For example, aspartame, an artificial sweetener, is a chiral molecule where one enantiomer tastes sweet and the other bitter. While the chirality of aspartame affects its taste, in drugs, the consequences can be much more severe. As a result, the ability to distinguish the chirality of an object is essential. Current spectroscopy and imaging techniques employ multiple, cascaded optical components in complex setups to extract chiral information. In this context, metasurfaces with the ability to control the wavefront and polarization of light without requiring volumetric propagation offer significant potential to realize multifunctional devices in an ultra-thin and compact configuration. In this section, we demonstrate a planar metalens that can simultaneously resolve chiral and spectral information of an object without the requirement of additional optical components such as polarizers, waveplates or even gratings.
A. Design Principle
In the previous section, we have demonstrated highly efficient metalenses in the visible range using the geometric phase approach. This requires CP incident light with a specific helicity. In other words, such a metalens focuses one helicity of light while defocusing the opposite one. This arises from the fact that the sign of the phase imparted by each nanofin reverses upon switching the helicity of incident light. Here, we utilize this feature to realize a chiral metalens (CML). Fig. 6(a) and (b) show the building block of the CML consisting of two nanofins on a glass substrate. While the nanofin (located at (x R , y R , z R )) colored in blue imparts the required phase to focus the rightcircularly polarized (RCP) light, for left-circularly polarized (LCP) incident light this is achieved by the nanofin (located at (x L , y L , z L ) in green. In order to spatially separate these two focal spots, the CML is designed with an off-axis focusing scheme [see Fig. 6(d) ]. We consider a point-to-point (finite conjugate) imaging configuration [see Fig. 6(d) ] and LCP incident light to extract the required phase of the CML design. We set the center (x = 0, y = 0, z = 0) of the CML as the reference point; therefore the reference path (f) is the distance between the object and the image through the reference point: The CML forms a rainbow-like image of the fiber. The fiber was connected to a tunable laser with center wavelength of 500 nm and bandwidth of 100 nm. Input polarization state was set to linear by placing a linear polarizer between the CML and the fiber. The camera distance from the CML was adjusted from (a) to (f) in order to selectively focus a specific wavelength. For all images, scale bar is 0.5 mm [65] .
We assume the object (located at (x ob , y ob , z ob )) to be a point source with linear polarization, i.e. the superposition of equal amplitudes of RCP and LCP components. We first consider the LCP component of the point source. The optical path difference between object and image (x imL , y imL , z imL ) through the nanofin at the position (x L , y L , z L ) and the reference path results in a phase delay:
where λ d = 530 nm is the design wavelength and ΔD ob and ΔD im are distances between the nanofin and the object and nanofin and the image, respectively. These distances can be calculated by:
In order to achieve constructive interference between the optical path through the nanofin and the reference point, this
. Therefore, the rotation angle of this nanofin must be set to:
For the RCP component, a similar derivation can be carried out resulting a rotation of the nanofin at (x R , y R , z R ):
Here, we do not take into account the effects of the substrate when calculating the phase difference. This in principle results in aberrations of focal spot as shown in Fig. 7 . The ray-tracing simulation shows slight broadening of the focal spot, about a few microns. This broadening is comparable to our camera pixel size 4.54 μm; therefore, as we will show later, its effect on the image quality is negligible. The gain and exposure time of the camera were kept fixed for (c)-(e). All images were captured while the camera was saturated at the focal point, which allows for visualization of the out-of-focus colors. The scale bar is 0.5 mm for (c)-(e) [65] .
By utilizing the engineered dispersion associated with the offaxis focusing while taking into account the intrinsic dispersion of the CML design, one can also extract spectral information [65] . The reciprocal linear dispersion ( Δ λ Δ r ) of the CML can be simplified to (for Δα α):
where Δα is the change in the off-axis focusing angle α due to the change in the wavelength (Δλ). This dispersion can be engineered by appropriately selecting the focal length f 2 and focusing angle α. Fig. 6 (e)-(g) shows the effect of the focusing angle on the dispersion. As expected, the larger the focusing angle, the greater the dispersion. Using Eq. (6), we can define the spectral resolution of the CML as:
where NA is the numerical aperture of the off-axis CML defined in [52] . We assume a hypothetical CML with a diameter of 3 mm and focal length f 2 = 3 cm, and find theoretical spectral resolutions of 4.5, 2 and 1 nm for focusing angles of 4.5°, 10°a nd 20°, respectively. For simplicity, the change of focal length with changing wavelength, which can further affect the spectral resolution, is not taken into account.
B. Chiral Imaging
The scanning electron microscope (SEM) image of the fabricated CML is shown in Fig. 6(c) . The CML design parameters are as follows: CML diameter of 3 mm, f 1 = 18 cm, f 2 = 3 cm and α = 4.5
• . To demonstrate the multispectral and chiral capability of the CML, we first used a facet of a single mode fiber as the object. The fiber was connected to a tunable laser (Superk, NKT Photonics) with the center wavelength and bandwidth set to 550 and 100 nm, respectively. Fig. 8 shows how the CML simultaneously focuses and disperses the beam resulting in the formation of a rainbow-like image. The CML focuses a certain color on the camera whereas others are out of focus, which is a direct result of its wavelength-dependent focal length [see Fig. 9(a) ]. However, as shown in Fig. 8(a) -(f) one can selectively focus onto a desired wavelength by adjusting the camera position. By looking at Fig. 8 from (a) to (f), we note that the lateral displacement in the position of the focal spot for different wavelengths originates from the dispersion engineering of the design.
We then examined the polarization response of the CML. For a linearly polarized incident beam, the CML forms two identical images within the camera's field-of-view [see Fig. 9(c) ]. Upon changing the incident polarization state to LCP, we observed that the image on the right fades with a simultaneous increase in the intensity of the image on the left [see Fig. 9(d) ]. By switching the helicity of incident beam, an opposite effect was seen [see Fig. 9(e) ]. This chiral feature of the CML is quantified by measuring the extinction ratio (ER), which is defined as the ratio of intensity of the LCP (RCP) image to that of the RCP (LCP) image under LCP (RCP) illumination. Due to imperfections of the quarter waveplate used in the experiment, we adopted the method of Azzam and Lopez [121] to measure the ER. A high ER of 15 dB was measured as shown in Fig. 9(b) .
Next, for the imaging of a chiral macroscopic object with complex features, we chose Chrysina gloriosa, a beetle known to possess strong natural circular dichroism (CD) [119] , [120] . We placed the beetle 18 cm away from the CML and situated the color camera ∼3 cm on the other side of the CML. Illumination was provided by two green LEDs paired with bandpass filters with a center wavelength of 532 nm and bandwidth of 10 nm. These filters were used to reduce the LEDs bandwidth and thus mitigate chromatic aberrations. As shown in Fig. 10(a) , the CML forms two images of the beetle on the camera chip with opposite helicity. The large contrast between two images is a manifestation of the strong CD of the beetle. This is expected since the beetle's exoskeleton reflects LCP light while absorbing more of RCP light [119] , [120] . It is evident from Fig. 10(a) that there are no obvious aberrations in the image of the beetle. To quantify this, we performed a simulation using a commercially available ray-tracing software (OpticsStudio, Zemax Inc.). The required phase profile was calculated by bringing all the rays emitted from an on-axis point source at 18 cm away from the CML to a 4.5°off-axis point 3 cm away on the image plane depicted in Fig. 10(b) . The blue rays of Fig. 10(b) shows the simulated results for the wavelength λ = 530 nm. The rays between the point source and CML are not plotted for ease of visualization. The green and red rays represent the same wavelength but after lateral displacement of the point source on the object plane 2°and 3°degrees with respect to the center of the CML, respectively. This is to quantify the performance of the CML for an extended object where object points are located off the optical axis. Fig. 10(c)-(e) shows the intersected points on the image plane with respect to their chief rays, i.e. the ray that passes through the center of CML. The black circle shows the region enclosed by a diffraction-limited Airy disk. The spread of the intersection points shown in Fig. 10(c) -(e) thus represents aberrations, which reduce the performance of the optical system. However, since the camera used has a pixel size ∼ 4.54 μm, a slight spreading of the focal spot does not significantly reduce the image quality because it only causes one or two pixels of blurring. Another crucial aberration that might occur is distortion resulting from the nonlinear displacement of the image points. This can be quantified by Fig. 10(f) for the case of a 6-degree field-of-view. The 6 degree field-of-view corresponds to an area of about 2 × 2 cm 2 on the object plane which is larger than the size of the beetle. The black grid shows ideal imaging without distortion and the coordinates of each intersected point are defined as (x ideal , y ideal ). The red crosses show the intersected points (x real , y real ) on the image plane for the chief ray emitted within the 2 × 2 cm 2 area. The percentage of distortion is defined by:
In our case, the distortion is ∼ 0.5%, which ensures the high quality image replication of the beetle.
Although the CML is designed for 530 nm, it is still capable of performing imaging with high quality at other wavelengths across the visible range. The images of the beetle formed by the CML under blue and red LEDs illumination are shown in Fig. 11(a) and (b) . Compared to Fig. 10(a) , a slight background noise is evident. This background partially comes from the fact that the efficiency of the CML drops at red and blue wavelengths, in addition to the reduced reflectivity of the beetle in these wavelength ranges.
As a control experiment, we also imaged an achiral object, a United States one-dollar coin. Fig. 11(c) shows that the CML forms two nearly identical images. We also demonstrate the capability to locally measure the CD of different parts of the beetle's exoskeleton. We first focused a laser beam (SuperK, NKT Photonics) with a bandwidth of 10 nm onto the beetle's thorax. The diameter of the focal spot was ∼ 100 μm to avoid any permanent damage to the exoskeleton. The CML collects the reflected light and forms two spots on the camera. These two spots have different intensities corresponding to the two circularly polarized states (RCP:I R and LCP:I L ). We obtained the CD (
) as a function of the wavelength by capturing images. We repeated this CD measurement on the beetle's leg. Fig. 12 shows large CD values of the beetle peaking in the green region of the spectrum, as expected [119] , [120] .
In this study, we used the CML to characterize the CD of a beetle, but our approach can be also utilized to examine the chirality of a wide range of objects. Ultimately, one of the main factors that determine the spatial resolution of the CML is its NA. Here, in order to image a large object, we chose a long focal length resulting in low NA, which also allows for increasing the field-of-view and having more tolerance in aberrations. One can readily improve the imaging resolution by reducing the focal length or increasing the diameter of the CML.
V. POLARIZATION INSENSITIVE METALENS
So far, we have demonstrated metalenses using the geometric phase approach. These metalenses require CP light and this feature was subsequently exploited to realize a multispectral chiral metalens. However, for many practical applications, polarization-insensitive planar lenses are required. In this section, we discuss the experimental realization of high NA metalenses operating in transmission mode in the visible range under arbitrary polarized illumination.
A. Design and Fabrication
To overcome the polarization dependence of phase, we used TiO 2 nanopillars as shown in Fig. 13(a) and (b) . Because of their circular cross-section, the phase implementation is independent of polarization, resulting in a polarization-insensitive metalens (PIML). The required phase is achieved via the waveguiding effect by controlling the nanopillar diameter for a fixed height. A schematic of the PIML is shown in Fig. 13(c) . At position (x, y), a nanopillar with diameter D(x, y) imparts the required phase given by:
In order to determine the required diameter of nanopillars at every position, we performed finite difference time domain (FDTD from Lumerical Inc.) simulations. To ensure high efficiency, other nanopillar parameters including height H and unit cell size U are also optimized for. The heights of the nanopillars must be sufficiently tall to ensure 2π phase coverage over attainable diameters. Our fabrication process sets the lower limit on the diameter while the unit cell size defines the upper limit. The design wavelength and NA determine the maximum size of the unit cell. To meet the Nyquist criterion, the unit cell size of the lens must be smaller than λ 2·N A . Fig. 13(d) and (e) show the phase ϕ(D) and transmission T (D) maps as a function of diameter, respectively, for a PIML with the design wavelength λ d = 532 nm. Full phase coverage with high transmission (>87%) is obtained.
We designed PIMLs with NA = 0.60 and NA = 0.85 at three design wavelengths of 405, 532 and 660 nm. We discretized the phase mask ϕ t (x i , y j ) of each PIML at its design wavelengths by assuming square lattice unit cells with dimensions U × U . At each position (x i , y j ), we select an appropriate diameter in order to minimize the following quantity:
where T m is the transmission averaged over all the diameters, and T (D) and ϕ(D) are the transmission and phase of a nanopillar with a diameter D, respectively.
B. Characterization
A SEM image of a fabricated PIML is shown in Fig. 13(f) . We measured the focal spots of the three PIMLs with NA = 0.6. A similar set-up to that shown in Fig. 4(a) was used, except for the removal of the linear polarizer and the quarter-waveplate and replacement of the objective with an Olympus with NA = 0.95. Focal spot profiles and their corresponding horizontal cuts are shown in Fig. 14(a)-(c) and Fig. 14(d)-(f) , respectively. Based on these measurement results, we also calculated the Strehl ratio. The Strehl ratio can have a value between 0 and 1. For an ideal lens with a diffraction limited focal spot and intensity distribution of an Airy disk, this value is unity. We calculate the Strehl ratio by normalizing the peak intensity of each measured horizontal cut such that it has the same area under the curve as an ideal Airy function, which has a maximum intensity of unity and diffraction-limited F W HM = 0.514
Strehl ratios of 0.8, 0.82 and 0.83 are obtained for PIMLs designed at wavelengths of 405, 532 and 660 nm, respectively. For comparison, Strehl ratios of 0.81, 0.84 and 0.81 for the vertical cuts at the above wavelengths are achieved. These values are close to those obtained from the horizontal cuts, revealing the symmetry of the focal spots. In addition, these PIMLs have measured efficiencies of 30%, 70% and 90% at their design wavelengths of 405, 532 and 660 nm. For shorter wavelength PIMLs have lower efficiencies than the metalenses based on geometric phase because the required variation in the diameter of the nanopillars to obtain the phase profile is subject to fabrication imperfections mostly associated with the proximity effect during the ebeam lithography process. We also fabricated PIMLs with a higher NA = 0.85 designed at wavelengths of 405, 532 and 660 nm and achieved corresponding efficiencies of efficiency of 33%, 60% and 60%. Fig. 14 
VI. CONCLUSION
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